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Abstract 

Airfoils at high Reynolds numbers, in general, have small separation 
bubbles that are usually confined to the leading edge. Since the Reynolds 
number is large, the turbulence model for the transition region between the 
laminar and turbulent flow is not important. Furthermore, the onset of 
transition occurs either at separation or prior to separation and can be 
predicted satisfactorily by empirical correlations when the incident angle is 
small and can be assumed to correspond to laminar separation when the 
correlations do not apply, i.e., at high incidence angles. 

This is not the case at low Reynolds numbers. For chord Reynolds numbers 
between 100,000 and 500,000, rather large separation bubbles may occur on the 
airfoil even at low incidence angles: the onset of transition occurs inside 
the bubble and is separation induced. The turbulence model for the transition 
region becomes important 1 ' 2 and plays a significant role in the prediction 
of the aerodynamic characteristics of an airfoil. 

The present paper describes a turbulence model for the transition region 
at low Reynolds numbers. This model is incorporated into the Cebeci-Smith 
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algebraic eddy-viscosity formulation and is used in a calculation method that 
is based on the solutions of inviscid and boundary -layer equations with the 
onset of transition computed with the e n -method based on linear stability 
theory . 3,4 Results will be presented for airfoils with large separation 
bubbles to demonstrate the ability of the turbulence model to predict the 
location of laminar separation and turbulent reattachment points. Results 
will also be presented to show the ability of the method to predict stall and 
post-stall flows on airfoils at low Reynolds numbers. These calculations will 
be performed with an improved Cebeci-Smith model that accounts for flows with 
strong pressure gradient and separation. 
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PURPOSE OF THE STUDY 
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CALCULATION METHOD, 1 


O) 

C 

'55 

3 


o a) > 

(U U L 

O CO 


a.V 

CO 


- 73 £ 
£ ^ 
J 0) j= 

CD £ -G 
C3, CO 

1_ 4- 

i- m CO 
0) >n_ 

m CO CO 

iS 7 fl) 

* >* C 

> u — 

m W 
4S T3 C 

12 C O 

c ^ 

73 
0) 
CO 
CO 
-Q 

73 
O 

4-* 

o 

E 

c 
o 


3 ° 

£ 

0) CO 

> k. 

3 0) 

o > 

CO £ 

L. — 

TJ 

■£ § 

(0 £ 
_ CO 

§ a 
” (1) 

'55 £ 
E *- 

CO o 

L. 

^ w 

>* £ 

it; o 

zzz 4-^ 

-Q 3 

£ o 
IS <0 

£ a) 

O £ 

73 r- 
CD o 

CO ■£ 
CD $ 


73 

CD 


£ 

o 

■ MB 

4-« 

'55 

m « 
CO L. 

I- 3 
4- 

_ 73 
CO (D 

S£ 

73 a 

£ c 

Q. <D 

§Jj 

O 


C 

o 

j0 

3 

£ 

L. 

o 


(/) 

o 

0 

</> 

IM 

> 

1 

>% 

73 

73 

0) 

o 

g CO 
ir , + - 
-Q E 

0) CD 

£> E 

CO CD 

s § 

-E L. 
^ Q. 
C £ 
O •= 

73 O 
CD 3 
co 4- 
CO - 

-Q £ 


CD CO 

■g o 

E £ 

CD ’£ 

a c 

E <0 

CD .i 

3 y 

o CD 
■£ SI 
3 CD 

i- a 


c 

o 

' 5 ) 

CD 


CO 

c 

o 


c/> 

c 

CO 


CD 


co > -c 

■«— > 4-4 


o 

D) 


CD 

73 

O 


c 

CD 

73 

E 

O) 

CD 


CO 

CO 

0) 


0) 

CO 

&- 

CD 

> 

73 

CO 

O) 

c 

o 

JL. 

4^ 

CO 

c 

"3 

73 

O 

E 

CD 


£ 

O 


o 2 


~ >* 


CO 


o a 

2: <o 

3 J- 

o £ 
a - 
co 3 

CD co 

~ i 

O) £ 

c _ 

•— 73 
> c 
2 CO 
a. co 

E 3 

— o 

. t£ 
CM 


NAS A/CP— 2007-2 1 4667 


343 




NASA/CP — 2007-2 1 4667 


344 


0 ) 



NASA/CP — 2007-2 1 4667 


345 



RESULTS FOR SEPARATION BUBBLES, 1 
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RESULTS FOR SEPARATION BUBBLES, 4 
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RESULTS FOR AERODYNAMIC CHARACTERISTICS, 1 
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RESULTS FOR AERODYNAMIC CHARACTERISTICS, 2 
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Leading-edge separation bubbles at higher a, close to stall. 
Solutions are sensitive to transition location. 



CONCLUSIONS 
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